Electrical events after a light-dark stimulus were studied in the multicellular organism Phormidium uncinatum. Normally, such a stimulus causes the gliding trichome to reverse direction. By directing a large light spot on the end of a batch of trichomes and then switching it off, we achieved synchronization of the trichomes, since the "head" is much more sensitive than the "tail." The abrupt disappearance of a uniform light produced a depolarization wave which initiated at the head, as registered by externally applied electrodes. The second stimulus produced a depolarization of the opposite direction, reflecting the reorientation of the trichomes. No electrical response was observed at Ca2+ concentrations <10-8 M. Factors causing oscillatory reversals, i.e., a combination of Ca2' and A23187, or a viscous environment also abolished the electrical signal. Changes in an externally applied electrical field (4 V/cm2) had little effect on the motile behavior of P. uncinatum or Oscillatoria princeps. However, in the presence of 5 ,uM Ca2+-1 pM A23187, all the trichomes reversed synchronously to the anode after a change in polarity of an externally applied electrical field. We suggest that an increased Ca?+ concentration together with a change in A'I (or AjuH+)
represents the taxis signal in cyanobacteria.
In bacterial taxis, information flows from specific receptors to flagellar motors (1) , causing a change in the direction of motor rotation. Several authors have suggested that information from the receptors may be integrated in the form of a membrane potential change, thus serving as a taxis signal. However, experimental testing of the problem has produced rather contradictory results. Using a permeant cation, triphenylmethylphosphoniumt, and Escherichia coli cells lacking an outer membrane, Szmelcman and Adler (17) found that the addition of both attractants and repellents caused a transient hyperpolarization of -30 mV. Non-metabolizable analogs of attractants were equally effective, whereas fla mutants totally deprived of Che gene products did not respond to the effectors. The authors reasonably assumed that hyperpolarization caused by both attractants and repellents could not represent the taxis signal (Ad). In a study of Bacillus subtilis, Miller and Koshland (14) found that alanine, a potent attractant, had no effect on a+, as registered by dis-C3, a permeant cation (5), fluorescence. A simple observation that could probably rule out the possible involvement of A&q in taxis was made by Khan and Macnab (10) . They found that at pH 5.5, A'.H+ in B. subtilis was equal to ApH, and a membrane potential was lacking. Nevertheless, the cells had a normal reversal frequency.
Cyanobacteria are highly suitable for studying the possible role of & in taxis, since their trichomes consist of hundreds of cells linked in an electrically unified structure (4). The AjuH+-dependent gliding mechanism (5) is based on the operation (rotation) of spiral fibrils which underlie the outer membrane (3) . A change in the electrical potential difference between the two ends of a Phormidium uncinatum trichome was registered upon a light decrease (7, 8) and was believed to represent the taxis signal. However, it seems to be important to distinguish between a true taxis signal and a potential difference due to metabolic variations in cells located at the opposite ends of the trichome. The aim of this work was to detect the possible electrical taxis signal and to compare electrical measurements with motile behavior.
MATERIALS AND METHODS
Culdvadon of bacteria. P. uncinatum isolated from Lake Baikal was grown, as described earlier (5) , either in a liquid salts medium (11) or on the surface of 2% agar with white light illumination at 25°C. Oscillatoria princeps, kindly provided by R. Castenholz, was grown in a liquid medium (2) .
Electrical measurements. The difference in electrical potential between the, two ends of the trichomes was measured by externally applied electrodes, as described earlier (4) . A batch of -20 trichomes was placed in a narrow cavity (1.5 mm) in a Plexiglas plate between the compartments provided for the two electrodes. The signal from the electrodes was transmitted to an electrometer and passed to an oscilloscope. along the cable of the trichome (4). Since this is evidently of a metabolic nature, we used it as a test probe to distinguish it from other possible electrical phenomena linked to taxis and also to test whether the electrical properties of the trichomes remained intact throughout the experimental procedure. Cyanobacteria reverse their direction of gliding in response to a decrease in light. It was found that the "head" (-15% of the length) is much more sensitive than the "tail" (3). After reversal, the head and the tail change places.
We attempted to use this phenomenon to synchronize trichomes in a batch. For this purpose, a large bright spot of light (2/3 of the length) was trained on one end of the trichomes in the batch. We expected that those trichomes which were moving (or immersed in water and attempting to move) in the light spot would reverse when the light was extinguished, whereas those trichomes which were traveling in the opposite direction would not change their orientation because of the insensitivity of the tail end. Thus, the trichomes would become behaviorally synchronized. After the broad beam was turned off, the trichomes were illuminated with uniform light (+hv, Fig. 1C ) that was also subsequently switched off (-hv, Fig. 1C ). When the uniform light was switched off, the heads of the batch depolarized in respect to the tails. The potential difference then gradually decreased to zero in -20 s (Fig. 1C) . A second cycle of light-dark stimulus produced a mirror image of the first response (Fig. 1C) . In subsequent cycles of light stimulation, the electrical responses gradually returned to an erratic form and polarity. However, it was possible to obtain the two sequential mirror images of the electrical response after a second synchronizing procedure. When a narrow light beam, which in itself did not cause or C J+hO j -hOĴ~~~~~~~~2 mVI t+hO) t-hh) (Fig. 1B) . The polarity of the power-transmitting A, never varied and did not correlate with the polarity of A4i after the lightdark transitions of uniform light in a synchronized batch, nor with the erratic dark response of the nonsynchronized batch.
Both light and dark stimuli provided changes in the potential difference of the synchronized trichomes (Fig. 1C) (16) , calcium ions were essential for the reversals of P. uncinatum (15) . After several hours of incubation in the presence of 0.1 mM EGTA, spontaneous or light-induced reversals were completely absent. The addition of 0.1 ,uM Ca2+ in the presence of Ca2' ionophore A23187 restored reversals, and at higher concentrations of Ca2+ (1 ,uM to 0.1 mM), trichomes begin to reverse oscillatory (15) .
Trichomes preincubated with 0.1 mM EGTA were synchronized, and light-dark stimulus was then applied (Fig. 2A) . In this case, the characteristic electrical dark response was absent. The dark response could be gradually restored by the addition of 0.5 to 1 FM Ca2" (Fig. 2B ). The addition of 1 ,M A23187 in the presence of 1 ,uM Ca2+ suppressed the electrical signal (Fig. 3A) . By substituting distilled water for the ionophore in the chamber, we were able to restore the A k -ho I5 inV dark-response of the batch after a synchronizing procedure (Fig. 3B) .
A control experiment with a narrow light beam illuminating one end of the trichomes proved that the ability of the trichomes to transmit electricity was unchanged either by the presence of EGTA (Fig. 2C) or Ca2' plus A23187 (Fig. 3C) .
It must be mentioned that A23187 is an electroneutral carrier, presumably acting as a Ca2+/ 2H+-antiporter and thus would not be expected to have any direct influence on A+.
Trichomes reverse oscillatory in viscous environments (G. V. Murvanidze, V. L. Gabay, and A. N. Glagolev, submitted for publication), and cells within a trichome often attempt to move in opposite directions. The evidence pointing to this are the rings of slime that form on the surface of trichomes which move in opposite directions along different parts of a trichome. It was not possible to obtain a synchronized electrical response from a batch of trichomes suspended in 4% Ficoll-Hypaque (Fig. 4A) . The response without Ficoll-Hypaque is given in Fig.  4B . Again, the response to a narrow light beam illumination in the presence of Ficoll-Hypaque (Fig. 4C) did not differ from that in the control, indicating that the electrical properties of the trichome remained intact.
Behavior in externally applied A+. Hader found that an externally applied field inhibited photophobic reactions in P. uncinatum (6) .
In an external field (4 V/cm2), P. uncinatum and 0. princeps moved either to the anode or the cathode. Photophobic reactions were suppressed, in accordance with the data of Hader (6) . After a change in the polarity of the electrical field, some trichomes reversed their direction of travel within 20 s of the stimulus. The situation changed dramatically when 1 ,uM A23187 was added with 0.5 ,uM Ca2+. All of the trichomes began moving toward the anode, re- versing shortly after the change in polarity (-1 to 2 s, Fig. 5 ). Polarity changes could be applied with a comparatively high frequency, and each time the trichomes ofP. uncinatum (Fig. 5) or 0. princeps reversed synchronously. The movements of the trichomes were not because of simple electrophoresis, since the addition of 1 ,uM carbonyl cyanide-m-chlorophenyl hydrazone, which arrests movement (5), also prevented motility in the externally applied electric field.
DISCUSSION
We found a large electrical potential difference between the ends of the trichomes, following a light-dark cycle, after a local light beam was used to synchronize a batch of trichomes. The second light-dark cycle produced a mirror image of the first light-dark cycle. Since the head is much more sensitive than the tail (3), it is reasonable to assume that the depolarization begins in the head and moves to the tail. The trichomes reverse direction, and a depolarization after the second light-dark stimulus begins A ;+ho 5mv| at the new head, producing an opposing polarized response (Fig. 1C ). An important control with a narrow light beam positioned at either end of the trichomes unvariably showed AV being generated at the illuminated end and then transmitted to the dark end (4) .
In the following experiments, this control was used to distinguish between the possible effects of various factors on either the taxis signal or on the other electrical properties of the membrane independently of the signal.
Changes in the membrane potential of P. uncinatum after light-dark stimuli reported previously (8) In B. subtilis, Ca2+ was found to cause incessant tumbling at a concentration of 0.1 p.M (16) .
It was later found that tumbling in peritrichous bacteria is caused by a rapid oscillation between left-and right-handed flagellar rotation. This means that at a constant Ca2+ concentration, reversals must be caused by some other factor.
It was suggested that during tumbling, flagellar motors oscillate because of random thermal reversals (10) . The role of the taxis signal (for instance, Ca2+) in this model would be to increase the probability of reversals in an individual motor. However, in constantly-tumbling mutants oscillatory reversals of cell bodies due to the head-tail overlapping of the entire flagellar bundle are observed in a viscous medium (13) . This type of behavior may be explained by assuming the synchronous reversals of flagellar motors. Moreover, the well-known synchronous overlapping of the head-tail flagellar bundles in bipolar bacteria (17) suggests a uniform response of the motors to a chemotactic signal.
Synchronizing depolarization is more necessary to giant cyanobacteria than to flagellated bacteria. The basis of the taxis signal, however, may be the same: an increase in Ca2+ concentration followed by a special A* depolarization in cyanobacteria or a random fluctuation of A*i (ApH) in eubacteria.
